Estrogens signal through both nuclear and membrane receptors with most reported effects being mediated via the nuclear estrogen receptors (nERs). Although much work has been reported on nERs in the zebrafish, there is a lack of direct genetic evidence for their functional roles and importance in reproduction. To address this issue, we undertook this study to disrupt all three nERs in the zebrafish, namely esr1 (ERa), esr2a (ERbII), and esr2b (ERbI), by the genome-editing technology clustered regularly interspaced short palindromic repeats and its associated nuclease (CRISPR/Cas9). Using this loss-of-function genetic approach, we successfully created three mutant zebrafish lines with each nER knocked out. In addition, we also generated all possible double and triple knockouts of the three nERs. The phenotypes of these mutants in reproduction were analyzed in all single, double, and triple nER knockouts in both females and males. Surprisingly, all three single nER mutant fish lines display normal reproductive development and function in both females and males, suggesting functional redundancy among these nERs. Further analysis of double and triple knockouts showed that nERs, especially Esr2a and Esr2b, were essential for female reproduction, and loss of these two nERs led to an arrest of folliculogenesis at previtellogenic stage II followed by sex reversal from female to male. In addition, the current study also revealed a unique role for Esr2a in follicle cell proliferation and transdifferentiation, follicle growth, and chorion formation. Taken together, this study provides the most comprehensive genetic analysis for differential functions of esr1, esr2a, and esr2b in fish reproduction. (Endocrinology 158: 2292(Endocrinology 158: -2308(Endocrinology 158: , 2017 E strogens, the major female sex steroids, have wellknown functions in both reproductive and nonreproductive processes, and they act throughout the whole lifespan of females from embryonic development to adult life (1-4). Despite the discovery of a membrane G protein-coupled estrogen receptor 1 (GPER1/GPR30) for nongenomic actions of estrogens (5), the majority of estrogenic activities is believed to be mediated via nuclear estrogen receptors (nERs), which function as transcription factors upon ligand binding for genomic responses (6, 7).
strogens, the major female sex steroids, have wellknown functions in both reproductive and nonreproductive processes, and they act throughout the whole lifespan of females from embryonic development to adult life (1) (2) (3) (4) . Despite the discovery of a membrane G protein-coupled estrogen receptor 1 (GPER1/GPR30) for nongenomic actions of estrogens (5) , the majority of estrogenic activities is believed to be mediated via nuclear estrogen receptors (nERs), which function as transcription factors upon ligand binding for genomic responses (6, 7) .
In most vertebrates, including mammals, birds, and some lower vertebrates, two estrogen receptors (ERs) have been identified-namely ERa and ERb-and they are encoded by two distinct genes ESR1 and ESR2, respectively (8) . Both ERs belong to the nuclear receptor family, which mostly function as ligand-dependent transcription factors (9) . Following their specific interaction with the ligands or estrogens, the ligand/receptor complex dimerizes to recognize and bind with high affinity to specific DNA sequences, or estrogen response elements, located in promoter regions of target genes, where they interact with other transcription factors to modulate gene transcription (7, 9) .
The nERs and their functions have been extensively studied both in vivo and in vitro in various model systems, and the most direct evidence for nER functions has been provided by nER knockout (KO) mice (2, 10) . In ERa KO (aERKO) mice, the females are infertile, and their ovarian follicles fail to mature and ovulate, forming hemorrhagic cysts. Interestingly, the male KO is also infertile (11, 12) . In contrast, the ovary of bERKO mice appears grossly normal with follicles at all stages of development; however, there are fewer corpora lutea in the ovary, and the animals are subfertile. In contrast to aERKO, bERKO males are fertile (13, 14) . In addition, mice lacking both receptors (abERKO) are viable but infertile in both sexes (8, 15, 16) , and abERKO females show a phenotype of cell transdifferentiation from granulosa cells to Sertoli cells, consistent with the phenotype observed in aromatase-deficient mice (17) .
In teleosts, in addition to the two nERs just mentioned, there are two ERb subtypes, namely ERbI and ERbII, which appear to arise from specific duplication of the ERb gene in fish lineage (18) (19) (20) . ERa shows homology across vertebrates, whereas teleost ERbII is conserved with mammalian ERb and ERbI has no mammalian homolog. The three nERs in fish have been extensively studied for subtypespecific functions by using nER-dependent receptor-reporter assays, subtype-specific RNA interference, and subtypeselective ligands (21) (22) (23) . In contrast to that in mammals, fish ERb forms bind estradiol (E2) with higher affinity than does ERa in several species, including the Atlantic croaker, channel catfish, and zebrafish (24) .
In the zebrafish, there also exist three subtypes of nERs-Esr1/esr1 (ERa), Esr2a/esr2a (ERbII), and Esr2b/ esr2b (ERbI)-and they are expressed widely in both reproductive and nonreproductive tissues at varying expression levels (19) . In the brain, the three nERs exhibit distinct expression patterns and, in the liver, they respond to E2 differently, with esr1 increasing its expression, esr2b decreasing, and esr2a showing no response to the treatment (19, 25) . During embryonic development, high levels of esr2a and esr2b transcripts of maternal origin were demonstrated by whole-mount in situ hybridization; however, the expression level of esr1 was low in the embryos at 24 hours postfertilization (hpf) (26) . The experiments with morpholino knockdown suggested that esr2a was involved in neuromast development, and disrupting maternal esr2a caused alteration of a range of transcripts in early embryos, resulting in lethal malformations in the zebrafish larvae (27, 28) . More recently, a study of morpholino-mediated knockdown of esr1, esr2a, and esr2b in zebrafish embryos indicated that esr1 and esr2a acted separately or cooperatively on specific target genes, whereas the role of esr2b was still unclear (29) .
Although much work has been reported on nERs in the zebrafish, it is still difficult to describe the exact roles of each subtype in vivo, especially the potential subfunctionalization of the two ERb subtypes. To address this issue, we undertook this study to analyze reproductive functions of each nER subtype in vivo by using a reverse genetics approach. Using the emerging genome editing technology, the clustered regularly interspaced short palindromic repeats (CRISPR) and CRISPRassociated nuclease (Cas9), we successfully created three mutant zebrafish lines with each nER knocked out. In addition, we also generated all possible double and triple knockouts of the three nERs. The phenotypes of reproductive development and function were analyzed in all single, double, and triple nER knockouts in both females and males. This study provides the most comprehensive genetic analysis for differential functions of esr1, esr2a, and esr2b in teleosts.
Materials and Methods

Zebrafish
The wild-type (WT) zebrafish of AB strain was used in the current study to produce mutant lines. Zebrafish were maintained in the ZebTEC multilinking rack system (Tecniplast, Buguggiate, Italy) with water temperature at 28 6 1°C, conductivity at 400 mS/cm, pH at 7.5 and photoperiod of 14 hours (light) to 10 hours (dark). All animal experiments were conducted in accordance with the guidelines and approval of the Animal Ethics Committee of University of Macau.
Establishment of esr1, esr2a, and esr2b mutant zebrafish lines
The zebrafish esr1, esr2a, and esr2b single mutants were generated by CRISPR/Cas9-induced gene KO method. Briefly, the CRISPR/Cas9 target sites were designed by using the online tool (ZiFiT Targeter Version 4.2). The Cas9 messenger RNA and target single-guide RNAs (sgRNAs) were generated by in vitro transcription from pCS2-nCas9n and DraI-digested pDR274 sgRNA constructs respectively with the mMESSAGE mMA-CHINE SP6 or T7 kit (Invitrogen, Carlsbad, CA). The plasmids used were obtained from Addgene (Cambridge, MA). The Cas9 messenger RNA and sgRNA were comicroinjected into one-or two-cell-stage embryos using the Drummond Nanoject injector (Drummond Scientific, Broomall, PA). The F0 founders carrying mosaic mutations were identified by high-resolution melt analysis and heteroduplex motility assay, and mated with WT fish to generate heterozygous F1 offspring as described in our previous reports (30, 31) . The esr1 single mutant was created by segmental deletion involving coinjection of two sgRNAs targeting two CRISPR/Cas9 sites, resulting in a deletion of -83 base pairs (bp) fragment between the two target sites.
For double gene knockouts, the esr2a heterozygotes (esr2a +/2 ) and esr2b heterozygotes (esr2b +/2 ) were outcrossed to obtain esr2a +/2 ;esr2b +/2 heterozygotes first followed by selfcrossing to obtain the esr2a 
Sampling and histological analysis
The fish were sampled at different time points. They were photographed first before measuring the body weight and standard body length. Briefly, the fish were anesthetized with MS-222 (Sigma-Aldrich, St. Louis, MO) and placed on a petri dish cover to measure body length followed by weight determination on an analytical balance. The fish were immediately fixed in Bouin's solution for at least 24 hours followed by dehydration and embedding in paraffin. The samples were sectioned at 6-mm thickness using the Leica microtome (Leica Microsystems, Wetzlar, Germany). The sections were deparaffinized, hydrated, stained with hematoxylin and eosin, and mounted with Canada balsam (Sigma-Alsrich) for examination with Nikon ECLIPSE Ni-U Upright microscope (Nikon, Tokyo, Japan). Sibling WT ( +/+ ) and/or heterozygous ( +/2 ) fish were used as control for phenotype analysis.
RNA isolation and real-time quantitative polymerase chain reaction
Total RNA was isolated from ovaries and testes using TRIzol (Invitrogen), and quantified with NanoDrop 2000 (Thermo Scientific, Waltham, MA) based on the absorbance at 260 nm. Reverse transcription was performed on 3 mg total RNA using Moloney murine leukemia virus (M-MLV) reverse transcriptase (Invitrogen) according to manufacturer's instruction, and the complementary DNA (cDNA) products were used as templates for expression analysis.
Real-time quantitative polymerase chain reaction (qPCR) analysis was used to determine the transcription levels of target genes in the gonads. The reaction was performed on the CFX96 real-time system (Bio-Rad, Hercules, CA) in a volume of 20 ml containing 10 ml of 2 x SuperMix, 0.2 mM of each primer, and 9.5 ml of cDNA template. To control the variation due to difference in RNA loading, each sample was normalized to the expression level of the ef1a gene. The specific primers used in the qPCR were listed in Supplemental Table 1 .
Fertility assay
Fertility assessment was performed as described (30) . The fertility of control fish or mutants was assessed by natural mating with WT zebrafish. Individuals that failed to spawn or produce fertilized embryos after at least 10 trials were considered infertile.
Cell culture and reporter gene assay
The expression plasmids for three WT nER subtypes (Esr1, Esr2a, and Esr2b) and pSEAP/zfLHB promoter reporter plasmid were constructed in our previous study (Lin and Ge, data not shown). The cDNA open reading frames encoding the mutant nERs were amplified from the ovary of each single mutant fish with primers listed in Supplemental Table 1 and inserted into pBK-CMV vector (Invitrogen) to generate expression plasmids for mutant Esr1, Esr2a, and Esr2b. PCR amplification was carried out with PrimeSTAR high-fidelity Taq DNA polymerase (Takara, Shiga, Japan), and the constructs were sequenced in both directions to confirm sequence authenticity.
The murine gonadotroph cell line, LbT2 cells, was grown in Dulbecco's modified Eagle medium (Gibco, Gaithersburg, MD) containing 10% fetal bovine serum (Gibco) and double antibiotics (penicillin-streptomycin; Gibco). The cells were maintained at 37°C in a humidified incubator under 5% CO 2 . LbT2 cells were chosen in the current study for expressing zebrafish LHb (lhb) promoter-driven reporter secreted embryonic alkaline phosphatase (SEAP). For reporter gene assay, the cells were plated to 24-well plates (10 5 cells/well) 24 hours prior to transfection and were transiently cotransfected with the reporter pSEAP/zfLHB and WT or each mutant nER expression vector using Lipofectamine 2000 (Invitrogen; 1 mL/well). The amounts of vectors used were specified in the figure legends. The transfection medium was replaced 4 hours later with fresh medium without antibiotics, and the SEAP activities were measured 48 hours later with the SEAP assay kit (Roche, Mannheim, Germany). Each transfection reaction was carried out in triplicate, and the experiments were repeated at least three times. An internal control vector for pSV-b-galactosidase was included in the transfection, and the enzyme activity was evaluated with the b-galactosidase enzyme assay kit (Promega, Madison, WI). All the transfections were normalized by the activity of pSVb-galactosidase.
Transmission electron microscopy
Ultrastructural analysis was performed on the follicles of both WT and esr2a-deficient female zebrafish at the age of 4 months. The preparation of EM samples was performed according to the established protocols (32, 33) . Briefly, the fully grown follicles from both genotypes were separated from freshly dissected ovaries and fixed immediately in 25 mM CaCo buffer, pH 7.2, containing 2% glutaraldehyde (volume to volume) and 10% picric acid (weight to volume) at room temperature for 15 minutes and then 4°C overnight. After briefly washing with CaCo buffer, the follicles were incubated in the second fixative (2% osmium tetroxide and 0.5% potassium ferricyanide in 25 mM CaCo buffer, pH 7.2) at room temperature for 2 hours. After washing twice in water, the samples were dehydrated in an acetone series, infiltrated, and embedded in Spurr's resin. The samples were thinsectioned at 70 nm using the Ultracut UCT ultramicrotome (Leica Microsystems) and stained with methanolic uranyl acetate (2%) and Reynold's lead citrate. The sections were observed on the Hitachi H-7650 transmission electron microscope with a chargecoupled device camera (Hitachi High-Technologies, Tokyo, Japan) operated at 80 kV.
Statistical analysis
Data were analyzed by Student's t test or one-way analysis of variance followed by the Tukey multiple comparison test using Prism 6 (GraphPad Software, San Diego, CA). All values were expressed as mean 6 standard error of the mean. Significance was set at P , 0.05.
Results
Generation of esr1, esr2a, and esr2b single, double, and triple knockout mutants
To disrupt each nER subtype, we targeted esr1 exon 2, esr2a exon 2, and esr2b exon 1 within the open reading frame region and downstream of the translation start site to generate esr1, esr2a, and esr2b single mutants, respectively [ Fig. 1(A) ]. For esr1 mutant, an 83-bp fragment deletion with a new stop codon nearby was selected for phenotype analysis, and this mutation disrupted the major splicing variants encoding long and short isoforms, ERa L , ERa S , and ERa S -Cx, as reported previously (34) . For esr2a and esr2b, a 10-bp deletion leading to frame shifting of the coding region was selected for further analysis. To demonstrate that esr1, esr2a, and esr2b were successfully disrupted in these mutants, we first examined esr1, esr2a, and esr2b transcripts in adult gonads from WT control and the mutants esr1 2/2 , esr2a 2/2 , and esr2b 2/2 , respectively, using reverse transcription PCR.
Mutation-specific primers (F1, F2, and F3) over the deleted sequences of esr1
, and esr2b 2/2 were used for the amplification. The disruption of functional transcripts for esr1, esr2a, and esr2b was confirmed by DNA sequencing [ Fig. 1(B) ].
To further confirm the functional loss of Esr1, Esr2a, and Esr2b proteins in the mutant zebrafish, we carried out a receptor-reporter assay in the LbT2 cells based on our previous observation that zebrafish nERs significantly increased the transcriptional activity of zebrafish LHb (lhb) promoter in this cell line (Lin and Ge, unpublished). Our data confirmed this observation. All three WT forms of zebrafish nERs could significantly increase the basal and E2-stimulated transcriptional activity of lhb promoter. In contrast and as expected, none of the three mutant nERs had any effect on the basal and E2-stimuated response Reverse transcription PCR analysis for esr1, esr2a, and esr2b mutations. The mutation of esr1, esr2a, and esr2b genes at the transcription level was confirmed by reverse transcription PCR and DNA sequencing. The primers F1, F2, and F3 are specific for the deleted sequences, and ef1a was used as the internal control. F, female; M, male; MUT1, mutation 1 in esr2a 2/2 single mutant; MUT2, mutation 2 in esr1 2/2 ;esr2a 2/2 double mutant. (C) Effects of the mutated Esr1, Esr2a, and Esr2b on the basal or E2-inducted zebrafish lhb promoter activity in the LbT2 cells. The pBK-CMV empty vector and the expression vectors for WT or mutated nERs (400 ng/well) were each cotransfected with the pSEAP/zfLHb (-1100) promoter construct (500 ng/well) together with the internal control pSV-b-galactosidase expression vector (400 ng/well). After 24-hour incubation, the cells were incubated with phenol red-free medium and treated with dimethyl sulfoxide (open bars) or E2 (100 nM, black bars) for 24 hours. The SEAP activity was normalized to that of b-gal and presented as the fold of the SEAP activity of the control transfected with pBK-CMV. Each bar represents mean 6 standard error of the mean (n=3). ***P , 0.001 vs pBK-CMV empty vector control; #significant difference (P , 0.001) observed with mutated estrogen receptors. (D) Chromosomal location of zebrafish esr1 and esr2a genes.
[ Fig. 1(C) ]. These data indicate that our disruption of esr1, esr2a, and esr2b resulted in a null mutation for each gene with a loss of the functional protein.
The esr2a and esr2b double heterozygous zebrafish (esr2a +/2 ;esr2b +/2 ), obtained from breeding esr2a
females with esr2b 2/2 males, were inbred to generate double homozygous mutant (esr2a 2/2 ;esr2b 2/2 ). The double mutant of esr1 2/2 ;esr2b 2/2 was obtained in the same way. However, the same method did not work for esr1 and esr2a despite repeated trials because the two genes are located closely on the same chromosome or genetically linked [ Fig. 1(D) ]. To obtain esr1 2/2 ;esr2a 2/2 double mutant, we performed a secondary CRISPR/Cas9 targeting for esr2a in the embryos of esr1 2/2 background as described in the method followed by genotyping, breeding, and selection [MUT2 with -23 bp deletion in Fig. 1(B) ].
To create triple mutant of the three nERs, the linked heterozygote esr1 +/2 ;esr2a +/2 and homozygote esr2b
were crossed to obtain triple heterozygote esr1
;esr2a
, which was then self-crossed to obtain the triple mutant triple homozygous mutant esr1 2/2 ;esr2a 2/2 ; esr2b 2/2 .
Sex ratio and fertility of single, double, and triple nER mutants When examined at 90 days postfertilization (dpf), all single nER mutants showed a male-biased sex ratio (70% to 85%) compared with the WT zebrafish (57%). Similar ratios were observed in the double mutants esr1 ;esr2b 2/2 individuals were males. The fertility tests showed that all males of the single, double, and triple mutants were fully fertile and the embryos developed healthily and hatched normally [ Fig. 2(A-G) ) resulted in a reduced fertility at the age of 6 months (data not shown).
Gonadal histology of adult nER mutants
Histological analysis was performed on the gonads of all single, double, and triple mutants at 120 dpf. All mutant males showed normal testicular growth as compared with that of the WT control, and histological examination demonstrated normal spermatogenesis in the testes [ Fig. 3 (G) and 3(H); Supplemental Fig. 1 .
Role of nERs in gonadal differentiation
To provide evidence for roles of nERs in gonadal differentiation, we examined gonadal development at 30 dpf when the gonads start to differentiate in the zebrafish (35, 36) . As shown in Fig. 4 , all single, double, and triple mutants had individuals at different stages of gonadal differentiation, including the ovary with well-developed late perinucleolar oocytes, gonads with early perinucleolar oocytes (juvenile ovary), transforming gonads with degenerating oocyte-like germ cells and increased stromal tissues, and undifferentiated gonads. Some individuals showed early spermatogenesis in the gonads. We did not observe any obvious deviation from the normal course of gonadal differentiation in any mutant lines (Fig. 4) .
Role of nERs at puberty onset
Our previous studies have shown that the process of gonadal differentiation in the zebrafish has completed by 45 dpf and most female fish are undergoing puberty onset, which is marked by the appearance of cortical alveoli in the oocytes (30, 35, 37) . To examine if nERs play any roles at this stage of development, we performed histological analysis at 45 dpf on all single, double, and triple mutants (Fig. 5) . For all genotypes analyzed, the sizes and development of testes were similar to the control [Supplemental Fig. 2 Roles of nERs in postpubertal gonadal development and sex maintenance In teleosts, estrogens are not only essential for ovarian differentiation (36, 38) , but also important for maintaining female status in adults (39, 40) . To evaluate the roles of nERs in female maintenance, we investigated the developmental status of gonads in WT control and all nER mutants at 60 and 90 dpf. In our aquarium system, the zebrafish can start spawning as early as 60 dpf.
The males of all single, double, and triple nER mutants showed well-developed testes at 60 dpf compared with the control [Supplemental Fig. 2 (I-P) and 2(I 0 -P 0 )]. In females, the ovaries of control fish contained all stages of developing follicles from primary growth to late vitellogenic follicles [ Fig. 6 Fig. 6 (H) and 6(H 0 )]. Zebrafish becomes sexually mature at 90 dpf. All nER mutants had normal testes in males with spermatogenesis comparable to that in the control (Supplemental Fig. 3) . As for females, the three single mutants and double mutants esr1 2/2 ;esr2a 2/2 and esr1 2/2 ;esr2b 2/2 were fertile with normal folliculogenesis in the ovaries comparable to that in the control (Fig. 7) although the hyperplasia of somatic cells continued to exist in the 
Roles of esr2a in chorion formation
Although all single nER mutants were fertile in both males and females, esr2a To test this hypothesis, we examined the expression levels of the genes encoding major proteins of the envelope or zona pellucida (zp), including zp2, zp3, zp3a, zp3b, and zp3c, in the follicles of control and esr2a 2/2 mutant (Fig. 9) . The qPCR analysis showed that three major components of the zp cluster genes, zp2, zp3, and zp3a, were significantly reduced in follicles of different stages in esr2a 2/2 mutant, especially early vitellogenic follicles. The other two, zp3b and zp3c, also showed a declined expression, but not significantly [ Fig. 9(A) ]. To provide evidence for the weak chorion of esr2a 2/2 eggs at ultrastructural level, we examined the chorion structure in fully grown follicles with transmission electron microscope. Surprisingly, no significant difference was observed between the control and esr2a 2/2 mutant [ Fig. 9(B) ].
Compensatory expression of nERs in the gonads of single mutants
To examine if the mutation of one nER caused compensatory expression of the other two forms, we analyzed the expression levels of nERs in both ovary and testis of each individual nER mutant. We did not observe drastic compensatory expression among the three nERs except that esr2b expression increased in the ovary of esr2a 2/2 mutant. Interestingly, the expression of esr2a decreased in the testes of esr1 2/2 and esr2b 2/2 mutants (Fig. 10) .
Discussion
Estrogens are essential female sex steroids that control all aspects of female development and function (4, 41). Estrogens signal through both nuclear and membrane receptors, with most reported effects of estrogens being mediated via the nERs (42, 43) . In the current study, we disrupted all three forms of nERs in the zebrafish and analyzed the impact of their loss on reproduction in both females and males. The success of gene disruption was confirmed by the lhb promoter-driven reporter assay, which is highly responsive to nERs. In addition to single mutants esr1 2/2 , esr2a 2/2 , and esr2b 2/2 , we also created and analyzed all possible double (esr1 2/2 ;esr2a 2/2 , esr1 2/2 ;esr2b 2/2 , and esr2a 2/2 ;esr2b
) and triple ;esr2a 2/2 ;esr2b 2/2 ) KO mutants. With these mutant lines, we focused on several key points of gonadal development for analysis, including gonadal differentiation at 30 dpf, puberty onset at 45 dpf, and maturation in adults at 60 and 90 dpf.
Zebrafish is considered a juvenile hermaphroditic fish, whose gonad first develops as so-called juvenile ovary with oocyte-like germ cells at the early perinucleolar stage, followed by sexual differentiation into testis or true ovary, with fully developed oocytes of the late Figure 6 . Gonad development at 60 dpf in the controls and mutants (for testis, see Supplemental Fig. 2 ). Compared with the (A) age-matched controls, the ovary of (B) esr1 2/2 mutant displayed similar developmental status with vitellogenic follicles of advanced stages; however, the ovaries of the (C-H and I) other genotypes all contained PV follicles only with few vitellogenic ones except (F) a few individuals. Ovotestes were commonly observed in both esr2a perinucleolar stage (35, 44, 45) . The current study demonstrated that disruption of all three nERs individually had no effect on folliculogenesis in the ovary and spermatogenesis in the testis, and all single mutants were fertile in both sexes. Despite this, the nERs seem to play a role in influencing sex differentiation because all single, double, and triple mutants exhibited a male-biased sex ratio, and esr2a 2/2 ;esr2b 2/2 and esr1 2/2 ;esr2a 2/2 ; esr2b 2/2 mutants showed all-male phenotype at 120 dpf.
Some males in the mutants were obviously derived from female-to-male sex reversal because intersexual fish with ovo-testis were often observed from 45 to 90 dpf after the window of sex differentiation at 30 dpf. These results suggest a role for nERs in maintaining female status in adults.
Recently we characterized the three nERs during folliculogenesis in the zebrafish. Interestingly, esr1 and esr2b were exclusively expressed in the somatic follicle cells, whereas esr2a was expressed in both follicle cells and oocytes. Furthermore, esr2a was the most abundantly expressed form during follicle growth among the three, and esr1 was the least abundant form during folliculogenesis (46) . This result points to esr2a as the major indispensable form of nERs in the zebrafish ovary because it is the only form expressed in both compartments of the follicle with the highest expression level. The three nERs may compensate functions for each other in the somatic follicle cells because of their coexpression; however, the function of esr2a in the oocyte may not be compensated by the other two forms. This idea is supported by our KO work in the current study. As the least abundant form in the ovary, esr1 was dispensable among the three in both ovary and testis. In contrast, esr2a was the only form that exhibited significant phenotypes upon These results strongly suggest that esr2a and esr2b have compensatory functions in maintaining female status. The loss of each gene individually had no phenotypic effect on ovarian development and function, but double mutation of both led to severe phenotype of follicle arrest followed by sex reversal to males. This is illustrated by the all-male phenotype and ovo-testis in both esr2a . The functional compensation of esr2a and esr2b may likely occur in the somatic follicle cells where they are coexpressed.
Among the three nERs, esr2a was the only one expressed in the oocytes (46) . Its function in the oocytes may not be compensated by either esr1 or esr2b. This is supported by the unique phenotype of weakened chorion and early hatching displayed by esr2a 2/2 mutant by not the other two. This phenotype may be due to reduced expression of zp proteins including zp2, zp3, and zp3a, which are all expressed in the oocytes (47) and are likely the target genes of Esr2a. Interestingly, ultrastructural analysis with electron microscope did not show obvious difference in chorion structure between WT and esr2a 2/2 mutant, suggesting that the phenotype of deformed chorion displayed during embryonic development was likely due to changes of chorion structure at the molecular level.
One intriguing observation of the current study was that the disruption of nERs in the zebrafish in any combination including the triple KO could not fully phenocopy the mutation of ovarian aromatase (cyp19a1a). Our recent study demonstrated that deletion of cyp19a1a gene by TALEN and CRISPR/Cas9 in the zebrafish caused all-male development and the mutant failed to develop true ovary from the juvenile ovary-like gonad (36) . In contrast, the triple nER mutant could form well-developed juvenile ovaries at 30 dpf and develop the true ovary at 45 dpf with PV follicles, which is the marker for female puberty onset (35) . Therefore, despite all-male phenotype in both nER and cyp19a1a mutants, the underlying mechanisms were obviously different. The loss of aromatase blocked ovarian differentiation whereas the lack of nERs failed to maintain female status resulting in sex reversal from females to males. This result indicates that the process of gonadal differentiation is nERindependent in the zebrafish and E2 signaling during ovarian differentiation may involve alternative mechanisms. This nER-independent action of E2 has been reported in mammals and humans both in vivo (48) and in vitro (49) , but the mechanism remains unclear. Other potential estrogen signaling pathways include membrane ER GPER1 (50) and estrogen-related receptors (ESRRs). ESRRs are orphan nuclear receptors with sequence and target gene similarity with nERs (51) . Five forms of ESRR (a, b, g, b/g, and d) have been identified in the zebrafish (52) . A recent study showed that bisphenol A, an endocrine-disrupting chemical with estrogenic activities, could signal through ESRRg (esrrga) in the zebrafish (53) . The mechanism by which estrogens control ovarian differentiation in the zebrafish will be an interesting issue to address in future studies, which promise to provide clues to noncanonical signaling pathways of estrogens.
In summary, using CRISPR/Cas9-mediated gene KO technology, we provided comprehensive genetic evidence for roles of the three zebrafish nER subtypes in the processes of gonadal differentiation, ovarian development and spawning. Surprisingly, all three single nER mutant fish lines displayed normal gonadal development and reproductive function in both males and females, suggesting functional redundancy among these three nERs in reproduction. Our results suggest that (1) esr1 is the most dispensable form among the three nERs in the zebrafish as its disruption caused no significant phenotype in both sexes; (2) esr2a shows the strongest phenotype among the three in terms of chorion structure and function; (3) mutation of esr2a in combination with mutation of either esr1 or esr2b induced hyperplasia of somatic cells between follicles, suggesting a compensatory role of esr1 and esr2b for esr2a; and (4) esr2a and esr2b are important for the maintenance of female status. Figure 10 . Expression of esr1, esr2a, and esr2b in the ovaries and testis of control and each single esr-deficient adult zebrafish. Total RNA from each ovary or testis was reverse transcribed for real-time PCR quantification of messenger RNA (mRNA) expression, which was normalized to ef1a (mean 6 standard error of the mean, n = 6) and the control. *P , 0.05 vs control.
